Change in self-reported physical function was examined using baseline and 5 years of follow-up data between 1982 and 1991 from the four Established Populations for Epidemiologic Studies of the Elderly studies. In East Boston, Massachusetts {n = 3,809), Iowa and Washington Counties, Iowa (n = 3,673), New Haven, Connecticut (n = 2,812), and North Carolina (n = 4,163), noninstitutionalized persons aged 65 years and older were asked a series of questions to assess their physical function: a modified Katz Activities of Daily Living (ADL) scale, three items from the Rosow-Breslau Functional Health Scale, and questions on physical performance, adapted from Nagi, as well as information on demographic, social, and health characteristics. Longitudinal statistical analyses (random effects and Markov transition models) were used to evaluate improvement, stability, and deterioration in functional ability at both an individual and a population level over multiple years of data. The average decline in physical function associated with age was found to be greater than previous cross-sectional studies have suggested, and the rate of decline increased with increasing age. Considerable individual variation was evident. Although many people experienced declines, a smaller but substantial portion experienced recovery. Women reported a greater rate of decline in physical function and were less likely to recover from disability. Am J Epidemiol 1996; 143:766-78. activities of daily living; aging; longitudinal studies; population surveillance Difficulty with physical function represented by inability to perform the usual activities of everyday life is a serious problem among older persons. The magnitude of this problem is likely to become substantially greater with continuing increases in longevity and in the size of the oldest population age groups in the United States and other developed countries. Several previous community-based studies have provided cross-sectional analyses of self-reported measures of physical function (1-6). All indicate a strong association between age and disability, and some suggest that women report more disability than do men. These existing cross-sectional data have substantial limitations, however. Inferences from cross-sectional data about the relation between age and disability may be distorted by selective removal of disabled persons from the population by death or institutionalization and by possible birth cohort differences in occurrence of disability. The extent to which reported differences in disability between men and women are due to real differences in disability as contrasted with sex-related differences in reporting is not known.
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Some previous studies of physical function have examined older persons at more than one point in time. Several have examined physical function at a single point and have used it to predict other endpoints or have related it to previously measured predictors (7) (8) (9) (10) . Others have measured physical function at two time points from 2 to 25 years apart and have estimated transition probabilities or average change (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Analyses at two time points permit simple descriptions of change but do not allow modeling of the individual variations in histories over time (21) . For that, at least three measurement points are needed.
Analyses of change in function over time based on multiple, repeated observations can provide more informative answers about physical function in older persons; however, there have been few large longitudinal studies in defined populations. In one such study, growth curve analyses were used to describe individual trajectories and their correlates using 6 years of observations over a decade for participants initially aged 58 to 63. The average trajectories were found to be nonlinear and to differ by race, sex, income, and educational level (22, 23) . In this report, we examine the relation of age and sex to individual change in function over a 5-year period, using annual selfreported measures of physical function from four large coordinated community studies of persons age 65 and older. Both the average trajectory of functional level and the patterns of becoming disabled and recovering from disability are described.
METHODS

Study population
The data for this report were gathered between 1982 and 1991 from the National Institute on Aging Established Populations for Epidemiologic Studies of the Elderly. These studies are described briefly here and in detail elsewhere (3) . The following four communities were studied: East Boston, Massachusetts; two counties in Iowa; New Haven, Connecticut; and five counties in North Carolina. In East Boston and the two counties in Iowa, the entire populations of community residents aged 65 years and older were invited to participate; in New Haven and the five North Carolina counties, complex sampling designs were used to identify representative samples of community residents 65 and older. Information on health status was collected at annual interviews; the interviews were in the home at baseline and follow-up year 3 and by telephone in the other years. We analyzed information from the first six interviews (first five for North Carolina) and ascertained vital status for respondents at each follow-up. The participation rate at baseline in the evaluation of physical function ranged from 80 to 85 percent (table 1) .
Data were obtained from proxies only when it would otherwise have been missing. Proxies provided information only on matters that could be observed. Their reports appeared to be reliable: the study participant's functional status as reported by a proxy was consistent with the reason given for requiring a proxy. The prevalence of disability for proxy and nonproxy responses is shown in table 2. Subjects who were "too ill" tended to have proxy reports of disability, whereas subjects who were "too busy" tended to have proxy reports without any disability (24) . Responses from proxies were therefore included in the analysis to minimize missing data and to reduce bias. The proportion of proxy respondents varied somewhat by site (greatest in Iowa) but in general was small. The greatest for any site in any year was 8.7 percent. 
Measures of physical function
Three years of questions were used to assess selfreported physical function at each annual interview. The modified Katz Activities of Daily Living (ADL) scale (25) addressed the self-reported ability to perform without help six basic activities (bathing, dressing, walking across a room, transferring from a bed to a chair, eating, and toileting). The questions from the modified Rosow-Breslau Functional Health Scale (26) assessed three gross mobility items (walking half a mile, climbing stairs, and doing heavy work around the house). The Nagi items (1) concerned level of difficulty performing four physical activities (bending, stooping or crouching, pushing or pulling an object like a chair, and reaching above the shoulders). A person who reported being able to do an activity with little or no difficulty was considered to have no disability for that item. No proxy reports were obtained for the Nagi items. At the North Carolina site, information was obtained from all sample members for only three of the Nagi items, so the Nagi scale was not analyzed for that site.
These three measures were chosen to assess ability to perform a wide range of common activities of older persons. In general, the Katz ADL scale concerns the most basic personal self-maintenance tasks whereas the Rosow-Breslau and Nagi items require greater physical activity. All have been extensively used in previous investigations, including studies of large populations. Short-term variability (reliability) of the three measures has been directly assessed in one of the populations of the Established Populations for Epidemiologic Studies of the Elderly (27) , and the measures appear sufficiently stable for use in longitudinal analyses such as ours. Inability to perform these activities falls within the concept of disability outlined in the World Health Organization International Classification of Impairments, Disabilities and Handicaps (28) , the terminology of which is used here.
For each set of questions, a score corresponding to the number of items without disability was calculated. Thus, higher scores (a maximum of 6 for the Katz, 3 for the Rosow-Breslau, and 4 for the Nagi) indicated better physical function, and a score of 0 indicated disability on all items in a particular scale. In addition, for some analyses each scale was dichotomized according to whether there was disabihty in one or more items (score = 1) or no disability (score = 0). If there was a missing response on any item, that set of questions was treated as missing.
Statistical methods
The study design, with up to six annual measurements on participants, enabled us to characterize the changes in physical function over time in much more detail than in previous research. Although crosssectional analysis and longitudinal studies suggest that physical function tends to decline with increasing age, it was also evident that the rate of decline might be quite variable across individuals and that some would improve over time. In this report, we used two different statistical methods to characterize individual differences in rate of change in functioning over time. The first characterization emphasized the average change over time, typically a gradual decline. This was accomplished by using a random effects model, which focused on the individual time paths for each scale of functioning and estimated the average effect of the covariates (sex, age) on those paths. The second characterization addressed the possibility that the average pattern of change over time reflected transitions into and out of disability. Markov models were used to analyze such transitions between disabled and nondisabled states at successive interviews and the effects of age and sex on the likelihood of transition. These two approaches were complementary rather than conflicting.
The random effects models (29) The first line on the right side of the equation specifies that the mean baseline score is a linear function of an indicator for male sex and an indicator for whether the person died before the end of the study as well as a quadratic function of age (in years exceeding 65). The coefficients a provide tests of the differences at baseline between people of different ages, between males and females, and between survivors and those who died during the study. The second line specifies the mean change per year during the study as a linear function of male sex, whether the person died, and age in years exceeding 65. The /3 coefficients provide tests of whether rates of decline in function differ between males and females, younger and older subjects, and those who survive compared with those who die. Note that allowing change per year to be a linear function of the continuous variable age leads, by differential equations, to a quadratic function for score at a given year of age; thus, the first two parts of the model are consistent. The third line of the equation specifies random components to account for deviations from the mean scores predicted by the model. Individuals might have person-specific, normally distributed random deviations A t and 5, from the baseline score and change per year predicted by the model. Thus, the expected physical function for an individual might start higher or lower than the overall average and decline faster or slower. Finally, the values observed at each successive interview were assumed to deviate from each person's own true time path by errors e i} , which were independent and normally distributed with a common variance.
The parameters a, /3, and the variances of the A it B,, and e ( j and their standard errors were estimated using the BMDP 5V program (30) . We included persons for whom any year(s) of follow-up interviews were missing. Model validation included fitting alternative models (interactions, other covariance structures besides random effects), use of Akaike's criterion to test whether more elaborate models provided a better fit to the data, and comparison of variance estimates with independent estimates of short-term variability for these scales.
We used the second class of models to analyze the transitions between states of disability (inability to perform one or more items in the scale) and no disability in successive years. The Markov model (31) assumed that the probability of transition from no disability to disability by the next interview was a logistic regression function of the covariates; in other words, a one-unit increase in the covariate would lead to a constant change in the log odds (natural logarithm of odds) of a transition. A separate logistic model was used for transitions from disability to a nondisability state. Each logistic regression model was quadratic in age with an indicator for male sex. Maximum likelihood parameter estimates were obtained using a Fortran program implementing the Muenz-Rubinstein algorithm and verified against SAS Proc Catmod for cases with no missing data (32) . This algorithm permitted inclusion of persons with some missing interviews in the analyses. Model validation included fitting alternative models with interactions and residual analysis (33) .
To permit maximum likelihood estimation with the EM-algorithm for both the random effects and Markov models, we assumed that the missing data mechanisms were ignorable and "missing at random." Thus, we assumed that any missing value was a function only of observed values, including the covariates and values at other interviews, and did not contain any additional information. Because complex sample designs were used at two of the sites (New Haven and North Carolina), all estimates of proportions and percentages from these sites were adjusted for the sample design using SUDAAN (34) . In both the random effects models and Markov models, indicator variables for stratum were included that reflected the sampling design. For the New Haven data, the indicator variables noted whether the housing stratum was age and income restricted (public housing) or age restricted (private housing), with community housing as the referent. For the North Carolina data, an indicator was added for African-American race, with all other races as a combined referent. In addition, logistic regression models adjusted for sample design were fitted to the 1-year transitions to assess the effect of the sample design on parameter estimates and statistical inferences.
RESULTS
Self-reported disability at baseline
In cross-sectional baseline data, the prevalence of self-reported disability in any activity was highest for the Rosow-Breslau scale and lowest for the Katz scale (table 3) . The proportion of subjects reporting disability at baseline increased with age for each of the three scales and at each of the four sites. The proportion disabled was generally higher among women than among men within each 5-year age group. These differences were smallest at the Iowa site and in the youngest age groups. These results were consistent with earlier reports from cross-sectional studies of substantial increases in disability with age and of greater prevalence of disability in women. The proportions reporting disability were consistently smaller in the Iowa subjects than at other sites, especially in the younger age groups.
The cross-sectional decrease in self-reported physical function with age may reflect declines with age, birth cohort effects, or some combination of these. The availability of up to 5 years of follow-up data with minimal loss to follow-up in these studies permitted simultaneous comparison of the cross-sectional changes with longitudinal changes in the same cohorts. The longitudinal data also allowed estimation of the degree to which the higher rates of disability reported by women at a fixed time point resulted from a more rapid decrease in functioning. The possibility of a more rapid decline in the years immediately preceding death was also explored. Finally, the degree to which the decrease in self-reported function resulted from transitions into and out of disability rather than a steady decline was assessed.
Mean change in number of disabilities per year of age
The random effects models (displayed equation) provided estimates of the mean change in number of disabilities per year after baseline (tables 4-6). Women 65 years old at baseline who survived the entire study period were used as the comparison group; the effects of each additional year older at baseline, male sex, and death before the end of the study period were estimated separately. The a coefficients in the tables summarize the predicted baseline scores, and the /3 coefficients summarize the predicted change per year of study. The coefficient for the mean change per year for women 65 years old at baseline who survived the entire study period (/3 0 ) indicated that they experienced a significant decline in functional status for all three scales and for all four sites. The rate of decline increased significantly with increasing age at baseline (/3j, consistent with the significant quadratic crosssectional effect, ct^). Because the rate of decline changed with age, the overall decline in physical function with increasing age could not be summarized by a single number. The estimated effect of age on change in function is illustrated in figure 1 for the Rosow-Breslau scale in the Iowa subjects who survived the entire study period.
The random effects models, by providing both cross-sectional and longitudinal estimates of change per year, permitted a comparison of the effects of age obtained from these two approaches. The cross-sectional decrease in physical function with age not only was confirmed but also was seen to underestimate the decline with age, as can be seen in figure 1 . The average rate of decline seen during follow-up was in fact greater than would be predicted from cross-sectional models. This may be due in part to selective exclusion from the baseline population, but not from follow-up, of individuals in institutions. 
Differences in mean rate of change between men and women
was not statistically significant in all cases (tables 4-6). This increased rate of decline was in addition to For all sites and all scales, the average rate of me lower mean baseline function for women. This decline was estimated to be less for men than for women of similar ages (/Jj), although this difference difference can be seen in figure 1 , for men and women aged 65, 70, 75, 80, and 85 years at baseline who over the period before death.) Thus, the cross-sectional report of greater disability in women was supported by greater estimated decline per year over the follow-up period, even after adjusting for age and survivorship status. A detailed examination of interaction terms indicated that the greater rate of decline for women was consistent across age groups and among survivors and nonsurvivors.
Effects of survivorship on mean rate of change
Those who did not survive the entire study period were estimated to be declining at a significantly faster rate during the period before their deaths, regardless of age and sex, for all sites and all scales (tables 4-6, /3 3 ). They also were found to have lower levels of physical function at baseline regardless of age and sex
Additional variation in mean rate of change
Another contribution of the random effects model was a characterization of the variation from the mean changes over time. The observations for a specific person would not be expected to follow the predicted curve exactly. The random effects model assumed three sources for this variability. First, individuals might start at a different baseline level than would be predicted for their age, sex, and survivorship status. This effect, denoted A t in the equation, was assumed to have a constant standard deviation across age, sex, and survivorship. Substantial otherwise unexplained variation was observed, with standard deviations of about 0.5 items for the Nagi and Rosow-Breslau scales and slightly more for the Katz scale. Second, individuals might decline at a faster or slower rate than would be predicted for someone of their age, sex, and survivorship status; the variance for the person-specific declines, B,, ranged from 0.1 to 0.2 items per year of change. Finally, the value observed in a specific year might differ from that predicted by a person's own mean rate of change and starting point. The standard deviations of the within-person errors, e t p were between 0.5 and 0.7 items for each of the three scales, consistent with results in a previous short-term variability study (27) .
Transitions between disability and recovery
The declining mean level of physical function does not imply that all subjects followed a steady course of decline during the follow-up period. Some subjects recovered from disability, even at the oldest ages. Markov models provided estimates of the effects of age at baseline, sex, and survivorship on the risk of becoming disabled and on the chance of recovery from disability by the next year, based on all subjects who had physical function data at 2 or more study years. Women 65 years old who survived for the entire study period were chosen as the comparison group, and the coefficients were the average change in the log odds of becoming disabled or of recovery for each year of age beyond 65 years, for males and for those who did not survive until the end of the study period (tables 7-9), as in a logistic regression model. The probability of becoming disabled by the next year increased significantly with age for each of the three scales for all four sites, and the probability of recovery from disability decreased with age. Males were significantly less likely than females to report new disability for all sites and all scales and significantly more likely to report recovery for all except the Katz scale at the Iowa site. Finally, those who did not survive the study period were substantially more likely to become disabled while under observation and less likely to recover if they had been disabled the preceding year.
Because the coefficients in the Markov model represent the change in the log odds of a transition, direct interpretation is complicated. In figure 2 , the estimated transition probabilities for the Iowa site can be seen. The probability of recovery from selfreported disability was large for the youngest groups but declined with increasing age, whereas the probability of new disability increased. Thus, for the four sites studied here, the decline in mean function seen over the 6 years and with increasing age is consistent with the combined influence of more people becoming disabled and fewer recovering. Because more people were not disabled at the beginning of the interval for most ages, the absolute number who became disabled was larger than the number recovering, leading to a net increase in number disabled.
Model validation and limitations
Two limitations to the random effects model approach that was used should be noted. First, the maximum likelihood estimates have not been adjusted directly for the complex sample design used at the New Haven and North Carolina sites. Instead, the effects of the sample design have been addressed by including terms in the regression model for stratum at these two sites. Related work for linear regression models has suggested that this approach is adequate in many settings (35) . Second, the maximum likelihood estimation procedure assumed that the observations of a person followed a multivariate normal distribution. All of the physical function scales in fact had substantial ceiling effects, with most individuals having little . women, survived entire study; ........ women, died before end of study; , men, survived entire study;
, men, died before end of study.
or no disability at the youngest ages. The estimates of effect on mean change are unlikely to have been affected by nonnormality; however, the estimates of variation among persons did not fully reflect the observed, skewed variation. Model validation included examination of alternative models both for the mean structure and for the covariance structure. Interactions between the effects of age and sex were not in general statistically significant. The quadratic description of mean score at baseline was adequate and had, moreover, the advantage of corresponding to the linear change with age in mean decline per year in the longitudinal portion of the model, permitting direct comparison of cross-sectional and longitudinal estimates of the effects of age. Simpler models considered for the variability included compound symmetry (eliminating variation among persons in change per year) and first-order autoregression (assuming all the person-specific change from year to year came from a short-term process that was not influenced by data before the most recent year). Neither of these simpler models provided an adequate description of the variance structure observed. Higher order models than the linear random effects structure did not improve substantially over the model presented here.
Alternative Markov models that we considered included a quadratic term in age and interactions among age, sex, and survivorship; however, these did not contribute significantly. Residual analysis detected violation of one basic assumption of the Markov model in that the transition probabilities were not constant over the period of study but instead, shifted with age, as might be expected. Thus, the coefficients shown represent the mean transition probabilities over the study interval. Modeling changes over the study interval was not possible with existing software. Finally, the estimates for the New Haven and North Carolina sites have not been adjusted for the complex sample design, although the stratum has been included in the regression model. In alternative analyses (not shown), logistic regression models adjusted for the complex sample design were fitted to each pair of years, and similar parameter estimates and conclusions were obtained.
DISCUSSION
Three findings of this study are noteworthy. The first finding is that, on average, decline in physical function associated with age is greater than has been appreciated from previous cross-sectional studies. The average pattern of decline appears not to be linear but to accelerate with increasing age. The second finding is that there is much individual variation. The average pattern of decline is the result of many persons experiencing declines in physical function and a smaller but substantial proportion of the population experiencing recovery of lost function. The third finding is that individual decline in reported physical function appears consistently greater for women than for men at all ages. In addition to being more likely to experience decline in function, women are less likely to recover from disability. These results were quantitatively and qualitatively consistent across four study sites in widely separated and diverse locations.
Decline in average physical function associated with increasing age has long been appreciated. Attempts to quantify this change with age have come largely from cross-sectional studies that, although not directly measuring change in function, have inferred change from measurements made at a single time for persons of different ages. For example, the difference between the function of those 75 years old and those 80 years old is assumed to represent the average decline in function between 75 and 80 years of age. In general, these cross-sectional studies have suggested a linear pattern of average decline, similar to that seen in cross-sectional data from each center of the present study (table 3) . Self-reported individual changes in function seen in this study are, on average, substantially greater than would be inferred from these crosssectional data. The most likely explanation is that cross-sectional community-based studies of physical function are subject to underrepresentation of persons with poor function because the latter are selectively removed from the population due to placement in long-term care institutions. Their absence as study participants distorts the true relation between physical function and age because the older age groups of the cross-sectional sample do not include many of those with more severe loss of function. Several longitudinal studies have also examined physical function among older persons but have not focused on directly estimating average decline in function with age. Unlike the present study, in which repeated measures of physical function were made at six annual interviews, as pointed out earlier, most previous longitudinal studies have either examined physical status at a single point (relating it to previously measured predictors) (7) (8) (9) (10) or at two points, 2-25 years apart (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Only one study, which examined function at six points over 10 years, characterized change over time (22, 23) .
Variation in individual patterns of change in physical function has not been extensively studied in population-based samples of older persons. The results of this study indicate that the average pattern of decline in function is not uniform; some individuals do not experience this decline. Many persons maintain good function to advanced ages, and many persons who experience disability recover from it, even among the older age groups. The average estimate of decreasing physical function with increasing age reflects both increasing likelihood of experiencing disability and decreasing Likelihood of recovery (figure 2).
This evidence of recovery is especially important because it indicates the potential to reverse disability even in the oldest age groups. Some evidence suggests that a greater proportion of people may be experiencing continued good function or reversal of disability; recent estimates (36) of the prevalence of disability in the United States population in 1982, 1984, and 1989 suggest that the age-standardized prevalence of disability decreased over this period. However, the number of disabled older persons in the population was estimated to have actually increased over this time because this trend was not sufficient to compensate for the increasing number of persons in the oldest age groups over this same period.
It is unclear from previous research whether older women have lower levels of function than do older men. Some cross-sectional studies have noted greater prevalence rates of physical disability among women than among men (2, 12, 37) , although these sex differences appear to become apparent only in older old age. In addition, sex differences are generally greater for mobility-related activities (2) or instrumental activities of daily living (37) than for basic ADLs. Prospective research has produced equally mixed results with regard to sex differences in incidence of disability. Most studies have failed to find any sex difference predicting new disability after controlling for other risk factors (9, 11-13, 17, 18, 20, 22) ; however, two studies found women to be at higher risk of developing disability (14, 16) . Although the results of the current study were not adjusted for other risk factors of functional decline, they clearly suggest a significantly elevated risk for decline among women. This effect was, with few exceptions, consistent throughout our analyses: Women generally showed more decline in all three measures of function when function was modeled either as continuous variables (random effects models) or as dichotomous outcomes (Markov models).
It should be noted that biased reporting is less likely to affect longitudinal studies of change in physical function than cross-sectional studies. To the extent that factors distorting report of function are constant for each person for the initial report and for subsequent reports, measurement of individual change in function over time will be unaffected by these distortions. If, as appears reasonable, any sex differences in reporting remain constant over time, then the results of this study suggest that women on average both are at greater risk of developing disability than men and are less likely to recover from it. This finding seems somewhat paradoxical because women on average live longer than men; however, higher levels of disability are associated with increased risk of death among older persons (38) (39) (40) (41) . If valid, this finding appears to be of substantial concern because it implies that women have both higher risk of disability and longer average duration of disability because of longer survival.
Study strengths and limitations
This study has several strengths in comparison with previous work in this area. The most important is the longitudinal design with function measured on six occasions over a 5-year period with minimal loss to follow-up. The design and analyses focus on accurately measuring individual changes in function, including both decline and improvement. This permits estimation of disability incidence and recovery as well as a more detailed characterization of the time path of physical function level. Other advantages include the large size of the study, the presence of four geographically dispersed communities representing both urban and rural settings, and the use of three wellcharacterized and accepted measures of function.
The results of this study also suggest that relatively complex statistical approaches may be necessary to address some common, clinically relevant health problems, especially in longitudinal data. The techniques employed here use multiple, sequentially collected measurements efficiently while avoiding bias, especially that arising from adjustment for initial level of function. Furthermore, these approaches provide a practical illustration of the need to use more than one statistical approach to examine the same data set. In these data, random effects models are an effective means of analyzing the average change over time. For examining the bidirectional nature of the change, with some persons experiencing recovery from disability and others experiencing decline in function, Markov models are more useful than random effects models. The two different analytic approaches are complementary in answering related questions about the health of older persons.
This study emphasizes physical function; however, at least to some degree, respondents' reports of disabilities may reflect cognitive as well as physical difficulties because these scales are not pure measures of physical function. In this regard, it is noteworthy that the Nagi items are substantially more limited to physical disability than are the Katz ADL items, yet the patterns of disability with respect to age and sex on each scale are very similar. Direct observational tests of physical performance offer assessment that is more limited to physical function. To date, however, they have been used in few longitudinal studies, and they do not provide the global assessment of function that self-reported measures provide. Another limitation is that the proportion of participants represented by proxy respondents increases with increasing level of disability, and it is possible that the reports of these proxy respondents may be systematically different from those of the participants themselves.
Despite their limitations, the data reported here strongly suggest that disability among older persons is an even greater problem than is apparent from previous cross-sectional studies. The magnitude of this public health problem will very likely continue to grow because the oldest age groups are the most rapidly growing segments of the populations of the United States and of other developed countries. Disability is also a strong predictor of utilization of institutional long-term care and other health care services. It is important to emphasize that the strong relation between disability and age does not necessarily imply that age itself is responsible for the decline or that such decline is inevitable. Substantial numbers of persons experienced stable or improving function with age. The challenge these results pose is to identify both potentially reversible factors contributing to loss of function and meaningful interventions for those experiencing disability.
